In process control engineering, most requirements for the control system are conventionally specified in piping and instrumentation diagrams (P&IDs) 
Introduction
Engineering of process automation systems is a multi-disciplinary task, which involves a diverse range of design paradigms and heterogeneous development tools [1] . Conventionally, the workflow of process control engineering (PCE) starts after the specifications of plant layout and process design [2] , where instrument installation, piping configurations, and process dynamics are detailed. These specifications are documented, for example, in process flow diagrams (PFDs), piping and instrumentation diagrams (P&IDs), and spreadsheets. In particular, P&IDs unify the data from preceding process engineering phases and serves as the central source of requirements for PCE. In the past, P&IDs are manually analyzed by control engineers based on their experiences and expertise to decide the design and implementation of control systems. During this process, control requirements in P&IDs are manually transferred to PCE tools, which is problematic as modern process systems are getting ever complex. The variety of PCE tools and data formats also makes such information conversion rather intricate. Moreover, in early engineering phases, design specifications are often subject to frequent changes. As a result, such laborious conversion must be repeated many times.
To facilitate the information exchange between P&IDs and PCE tools, the IEC 62424 standard [3] prescribed the representations of functional requirements on process control systems (called PCE requests) in P&IDs with the corresponding CAEX (Computer Aided Engineering eXchange) data transfer language. Therefore, with IEC 62424, it is possible to automate the transformation of information models between P&IDs and PCE tools. On the other hand, the IEC 61499 standard [4] established the distributed control architecture for process measurement and automation, which provides a new alternative for developing process control systems [5] . In IEC 61499, control algorithms are encapsulated in reusable software modules known as function blocks (FBs), which can be further connected to form a complete control application. Such flexible composition mechanism allows automation software to be structured in the same way as the hierarchy of mechanical components. This componentoriented design paradigm has been practiced in a number of research works, where the same general concept was called differently, such as intelligent mechatronic component (IMC) [6, 7] , mechatronic object [8] , and automation component [9] .
Motivated by the aforementioned issues of PCE and available technologies, this work explored the possibility of applying model-driven development (MDD) approach for fast prototyping process control software. This study specifically focused on the transformation pathway from process control specifications to software implementation. In this work, initial process control requirements are captured in IEC 62424-compliant P&IDs. Individual process control logic is implemented as IEC 61499 FBs following the IMC design paradigm. A model transformation pathway has been proposed to generate process control software in the form of IEC 61499 applications based on IEC 62424 P&IDs.
The remainder of this paper is organized as follows. Section 2 outlines the basics of MDD and IMC with a brief review of related works. In Section 3, after the formal definitions of IEC 62424 P&ID and IEC 61499 FB, the proposed model transformation pathway is elaborated. Moreover, the textual representation of the formal model of IEC 62424 P&ID is provided in Section 4. Then, the proposed MDD approach is demonstrated by a case-study water heating system in Section 5. Finally, this paper is concluded in Section 6.
Background and Related Works

Model-Driven Development
The primary concerns of MDD are the modeling and use of models as the main techniques for software development [10] , where implementation details and design specifications are decoupled. Figure 1 adapted the essentials of MDD in the context of PCE. Firstly, process control requirements are specified using domainspecific notions in PFDs, P&IDs, and spreadsheets. These requirements are then unified in a platform independent model (PIM) using the notions of, for example, UML. The PIM is further elaborated with implementation details for the target execution platform, such as IEC 61131-3 programmable logic controller (PLC) [11] , which results in a platform specific model (PSM). Finally, executable code can be automatically generated from the PSM. As explained in [12] [13] [14] , most of the essential functional requirements on a process control system can be extracted from its P&IDs. Hence, in this study, the IEC 62424-compliant P&ID is considered as the PIM. The focus of this work is to explore the possibility of generating IEC 61499 control applications from P&IDs.
Intelligent Mechatronic Component
The fundamental idea of IMC is to encapsulate hardware and software models of mechatronic devices into a single design component. With such component, automation software can be constructed according to mechanical structure, where simpler IMCs can be hierarchically composed to form more complex IMCs. Internally, each IMC is organized following an extended model-view-controller (MVC) design pattern [15] as schematically illustrated in Figure 2 . The plant model, view, controller, and human-machine interface (HMI) components are connected through predefined signal interfaces. In particular, the controller interacts with the plant model using identical signal interfaces as with the actual sensors and actuators. As a result, this provides an easy pathway from system simulation to deployment. Moreover, depending on actual requirements not all of the MVC components must be presented in an IMC. 
Related Works
In general, the applications of MDD approaches for PCE have been studied in various works. Most of these works involved the uses of UML or customized UML profiles, such as SysML [16] , UML Automation Profile [17] , and UML for Process Automation [18] , to construct the PIM, which unifies the requirements, functionality, and structure of process control systems. Alternatively, works such as [19, 20] used domainspecific markup languages for the same purpose. This study was largely influenced by [17] , where the IEC 62424 P&ID is used as the central requirement input to the MDD. However, instead of generating PLC control applications from UML models, this work focused on the transformation pathway from P&IDs to IEC 61499 applications for fast prototyping and proof of concept. It must be noted that P&IDs are not capable of capturing all requirements when engineering a process system. Higher-level modeling languages, such as UML and SysML, should be used for such requirement unification. However, as previously discussed, P&IDs are sufficient for modeling process control requirements. Therefore, it is possible to generate control software directly from P&IDs.
The applicability of IEC 61499 for process control has been previously studied in [21, 22] . This work further applied the IMC design paradigm to the development of IEC 61499 application. As a result, the generated IEC 61499 application can support closed-loop simulation, which partially aligns with the research directions of [23, 24] .
Model Transformation from IEC 62424
P&IDs to IEC 61499 Applications
Formal Model of IEC 62424 P&ID
The formal model of IEC 62424 P&ID has not been defined previously. In this section, the formal composition of an IEC 62424 P&ID is first defined. Then, each element of the IEC 62424 P&ID tuple will be further elaborated. Here, only the fundamental structural and functional elements are considered to avoid introducing unnecessary complexity.  is a set of PCE requests;  is a set of PCE control functions;  is a set of instrumentation symbols;  is a set of signal lines;  is a set of process connection lines; and  is a set of product connection lines.
A PCE request, which is graphically represented as a bubble, specifies the requirements for a process control equipment. Definition 2. PCE Request, , is defined as a 6-tuple: 〈 〉 where:
 is the unique identification number of ;  is the PCE category, which is a single letter designating the process variable measured by ;  is a set of PCE processing functions that can be performed by , such as indication (I), computing (Y), and control (C) functions;  is an attribute indicating the location of ,  is a set of process connection interfaces that relate to other process-related components; and  is a set of signal interfaces that relate to other PCE requests or PCE control functions. Moreover, | | | | .
For example, the YC-0-2 PCE request in Figure 3 indicates that a remote control in the central control room is required to control the V-0-1 valve. The formal model of YC-0-2 can be defined as: 〈 〉 where:  P1 is the process connection interface connected to the P-0-2 process connection line; and  S1 is the signal interface connected to the S-0-2 signal line.
A PCE control function, which is displayed as a hexagon, represents the functional relationship between PCE requests of type sensor and actuator. These PCE control functions are technically achieved by control systems.
Definition 3. PCE Control Function, , is a 4-tuple:
〈 〉 where:
 is the unique identification number of ;  A letter whose meaning is user defined;  is a set of PCE processing function of ; and  is a set of signal interfaces and | | .
For instance, the UC-0-3 PCE control function in Figure 3 implements a proportional-integral-derivative (PID) control algorithm based on the temperature (TI-0-5), flow rate (FI-0-1), and user set point (HIC-0-4) for the control valve (YC-0-2). The formal definition of UC-0-3 is therefore: 〈 〉 where are signal interfaces for S-0-1, S-0-2, S-0-3, and S-0-4 signal lines.
An instrumentation symbol is the graphical representation of an instrument in a P&ID, which is standardized by, for example, ISO 10628-2 [25] .  is the unique identification number of ;  is the register number of , which is used to reference the graphical representation defined in the corresponding standard (e.g. ISO 10628-2);  is a set of process connection interfaces relating to other process-related components; and  is a set of product connection interfaces that connect to other instruments. For example, the V-0-1 control valve in Figure 3 can be formally represented as: 〈 〉 where:
 is its register number in ISO 10628-2;  is the process connection interface connected to P-0-2 process connection line; and  and are the two respective product connection interfaces connected to T-0-2 and T-0-3 production connection lines. A signal line represents the functional influence among PCE requests and PCE control functions. For example, the P-0-2 process connection line in Figure 3 indicates the control flow from YC-0-2 to V-0-1 as: 〈 〉. A product connection line depicts the connection of two pieces of equipment with the material flow in between.
Definition 7. Product Connection Line:
given an IEC 62424 P&ID, , a product connection line, , is defined as a 3-tuple:
 is the unique identification number of ;  is the source of and
( ⋃ )
 is the destination of and similarly . For instance, the T-0-2 production connection line in Figure 3 indicates the material flow from a pipe (T-0-1) to a valve (V-0-1) as: 〈 〉. Finally, the hot water control loop can be defined as:
Formal Models of IEC 61499 and IMC
In order to elaborate the later model transformation pathway, only the corresponding formal models of required IEC 61499 entities are recapitulated here. The exhaustive formal definitions can be found in [26] .  is the FB models the plant;  is the FB visualizes the IMC;  is the FB implements the control logic;  is the FB implements the HMI;  is a set of auxiliary FBs; and  and are the respective sets of event, data, and adapter connections. Figure 4 exemplifies the UC_IMC FB implementing the UC-0-3 PCE control function in Figure 3 , where:
 implements the PID control logics;  visualizes the status of FTH_PID;  , and are the socket adapters passing the readings of current temperature, flow rate, and user set point temperature to FTH_PID;  is the plug adapter conveys control output to the YC-0-2 control valve; and  is an auxiliary FB cyclically triggers the execution of FTH_PID. 
Model Transformation Pathway
In this study, the transformation from P&IDs to IEC 61499 applications relies on the uses of adapters and IMC design paradigm as follows. It can be identified from the above algorithm that not all event and data connections between FBs can be directly inferred from a P&ID. A P&ID captures configurations and interconnections of process equipment and instrumentation. This provides the information for mapping each equipment and instrumentation to its corresponding IMC. The P&ID also indicates material and signal flows, which can be used to specify the relationships between IMCs. These relationships can be realized as adapter connections in the FB implementation of the IMCs. However, as a PIM, the P&ID contains no knowledge about, for example, FB initialization, forking and merging of event signals, and so on. Such platform specific knowledge must be further complemented by additional rules. In this work, these rules, such as connecting INIT and INITO event ports, are hardcoded. The results of applying the model transformation algorithm will be demonstrated in Section 5.
CAEX Representation of IEC 62424 P&ID
The IEC 62424 standard specifies the graphical representations of PCE request and PCE control function in P&ID. Moreover, it also defines the CAEX data format for exchanging data between P&IDs and PCE tools. However, the textual representation of IEC 62424-compliant P&IDs following the CAEX model is not well defined in the standard. Based on the formal definitions in Section 3.1, this section proposed one possible textual representation of IEC 62424 P&ID in CAEX. In general, each of the entity in an IEC 62424 P&ID, such as PCE request, PCE control function, and signal line, has a CAEX RoleClass specifying their meta-properties. For example, as indicated in Figure 5 (a), a PCE request can have ProcessConnectionInterface and SignalInterface with the attributes listed in Figure 5 (b). Each interface defined in IEC 62424 is mapped to a CAEX InterfaceClass as shown in Figure 6 . In the IEC 62424 standard, neither the graphical nor the textual representation of instrumentation is defined. Thus, in this work, the graphical symbols defined in ISO 10628 are used. Similarly, each instrumentation symbol is mapped to a CAEX RoleClass as shown in Figure 7 . Each RoleClass can be associated with a CAEX InternalElement to represent a concrete instance of that role, where the actual values of required attributes are assigned. This association will be further exemplified later. 
Case Study on Water Heating System
The proposed model transformation approach has been demonstrated on a sample water heating system for a three-floor building. Figure 8 illustrates part of its IEC 62424 P&ID. In the water supply room (WR), the hot water from a district heating system flows into the B-0-1 storage tank for heat exchanging. The water flow rate is controlled by the PID control algorithm in UC-0-3 as explained in Section 3.1. The hot water is then pumped by M-0-2 to the rooms. In each room, there is a room temperature control. For example, in Room1 of Floor3 (F3R1), the UC-3-4 control function determines the flow rate of hot water into the H-3-1 wall radiator based on room temperature (TI-3-3), water flow rate (FI-3-1), and user set point (HIC-3-5). The cold water from all wall radiators will eventually return to the B-0-1 tank (the piping is not shown in the P&ID). Finally, the M-0-1 pump recycles cooled water back to the district heating system. Figure 9 (a) presents the CAEX model for the room temperature control in F3R1. The values of required attributes of each IEC 62424 entity are specified in the RoleRequirments as exemplified in Figure 9 (b), where the ID, PCE category, location, and PCE processing function of HIC-3-5 PCE request are detailed. Figure 10 (b) illustrates the FB network generated according to the P&ID of hot water control loop shown in Figure 10 (a). The resultant simulation is presented in Figure 10 (c). After setting the set point temperature using HIC_IMC, the PID control function implemented in UC_IMC will automatically adjust the control valve according to the temperature measured by TI_IMC and the hot water flow rate indicated by FI_IMC. 
Conclusions
This paper proposed a model-driven approach for process control engineering based on the IEC 62424 and IEC 61499 standards. In this study, requirements of process control systems were unified in IEC 62424-compliant P&IDs. The process control logic is implemented as IEC 61499 application, which follows the intelligent mechatronic component design paradigm. A preliminary methodology facilitating the transformation from IEC 62424-compliant P&IDs to IEC 61499 applications has been formalized. The casestudy has demonstrated the feasibility of the proposed approach for fast prototyping and simulating process control systems.
The current work only investigated the transformation aspect of model-driven development for process control systems. This work established the basis for the future research on applying the entire modeldriven approach for process control engineering. Firstly, to fully automate the model generation, additional information must be provided. This information together with IEC 62424 P&IDs can be unified as part of process requirement specifications using a domainspecific modeling language. Moreover, the proposed model transformation methodology can be further extended to generate other platform specific models.
